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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 
EFFECT OF ENGINE AND CONTROL LIMITS ON STEADY-STATE AND TRANSIENT 
PERFORMANCE OF TURBOJET ENGINE WITH VARTABLE-AREA EXHAUST NOZZLE 


By George Vasu and William L. Hinde 


SUMMARY 


Steady-state and transient characteristics of the J54-WE-52 turbo- 
jet engine with electronic power regulator were obtained in the NACA 
Lewis altitude wind tunnel to determine the effects of engine and con- 
trol limits on the performance. 


Limits on the fuel valve and exhaust nozzle area influence any 
schedule of speed and temperature. When either or both of these inputs 
are at a limit, the engine operates off the reference schedule. ‘This 
deviation of speed and temperature from the reference or set values can 
result in a nonlinear variation of thrust with power lever position, a 
reversal of the thrust-power lever relation, a dangerous condition at 
low power because of rising temperatures, and a ceiling which is below 
the capabilities of the engine and varies with power lever position. 
These difficulties are encountered chiefly at high altitudes, Low power 
lever positions, or a combination of both. The extent to which such 
difficulties apply to actual operation in flight will depend, of course, 
on the specifications of range of altitudes and Mach numbers over which 
each particular aircraft must operate. In addition, the types of power 
lever movements or positions necessary for operation at any flight con- 
dition must be considered. Some of the difficulties discussed herein may 
be outside the specified range of operation of a particular aircraft. 
Other difficulties may be avoided during flight by restricting the range 
of allowable power lever movement, especially at high altitudes. Ав the 
operational altitude of present and future aircraft increases, however, 
the problems discussed in this report will become increasingly important, 
and means for avoiding them should be considered. 


For the control system studied, one possible solution of the prob- 
lems is to lower the minimum fuel flow setting and to introduce an over- 
temperature signal to the exhaust nozzle. These changes would eliminate 
or lessen the previous difficulties but would cause trouble due to blow- 
out during transient operation. А device designed specifically to 
counteract this problem would also be needed. | 


A better solution appears to be the addition ОҒ a device to change 
the set speed schedule with the flight condition. This would eliminate 
the need for a high minimum fuel flow setting ав well as alleviate the 
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problems of steady-state operation. Furthermore, the transient charac- 
teristics of the engine need not be affected by this change but сап be 


made comparable with those obtained by using a high minimum fuel flow. м 


INTRODUCTION 


An investigation of the Westinghouse J34-WH-32 turbojet engine and 
control was conducted in the NACA lewis altitude wind tunnel. The over- 
all object of the program was to determine steady-state and dynamic char- 
acteristics of the engine and to evaluate the operational perfcrmance of 
the controlled system at various altitudes and ram pressure ratios. 


The control or power regulator of this engine is an electronic 
device that provided a multiloop system in which both engine speed and 
temperature were controlled by varying fuel flow and exhaust nozzle area. 
In order to obtain over-all steady-state operation in a desired manner, 
both required speed and temperature are scheduled as functions of throttle 
or power lever position. 


While obtaining data for the controlled engine, it became evident that : 
the minimum fuel flow setting of 550 pounds per hour specified by the manu- 
facturer limited the range and stability of engine operation. Because 
of this limited range and oscillatory operation at high altitude, data 
were taken with lower minimum fuel flow settings of 420 &nd 550 pounds 
per hour. 


The present report illustrates the effect of the minimum fuel flow 
setting and other engine and control limits on the steady-state and tran- 
sient operation of the system. Steady-state data showing variations of 
speed and temperature as well as other parameters at the different set- 
tings are presented for altitudes of 10,000, 25,000, 55,000, and 
45,000 feet at a ram pressure ratio of 1.2. Additional data are given 
showing the safe operating range of the engine as a function of altitude. 
Oscillographic traces of the response of several engine parameters to & 
Step change in throttle position for some of these flight conditions are 
also presented. 


DESCRIPTION OF CONTROL 


Schedule. - The output thrust of this system was controlled by 
introducing scheduled values of both engine speed and turbine discharge 
temperature into the control as functions of throttle position. 


The engine speed schedule was designed to be constant from cut-off, 
which was 219 on the power lever, to 269, then to rise sharply to 439, 
followed by & slower rise to 719. Beyond 719, the schedule required that 
maximum engine speed be maintained. Тһе temperature schedule was con- 
structed to be constant from cut-off to 26°, then to follow a smooth 
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curve rising slowly at first from 269 and then more rapidly to 829, which 
represented full military thrust without afterburning. Beyond 829, the 
temperature was scheduled at the maximum allowable value. The region 
from 21° to 26° is designated the idle Plat spot on the power lever and 
that from 82° to 89°, the military flat spot. 


Design of the reference schedule was such as to provide approxi- 
mately linear thrust at sea level as a function of throttle position. 


Block diagram. - A block diagram of the control system is shown in 
figure 1. It can be seen that, basically, engine fuel flow is controlled 
by в summation of speed, temperature, and overtemperature error signals, 
and area is controlled by a summation of speed and temperature error sig- 
nals. The control is of the proportional plus integral type and addi- 
tional features in the form of "limits" have been added to obtain pro- 
per control action during dangerous or special operational conditions. 
All indicated limiting devices in figure 1 have been designated in their 
respective blocks with a plot of the specific output against input 
characteristics of the unit. The fuel valve and exhaust nozzle blocks 
show the limits resulting from mechanical stops which determine the maxi- 
mum opening or minimum closing of the mechanism. 


Fuel Valve Limit 


This minimim setting wes incorporated into the fuel control system 
for two basic reasons: (1) to establish sufficient fuel flow for sea- 
level starting and (2) to force an increase in idle speed as a function 
of altitude sufficient to allow acceptable transient performance. As 
a result of this setting, however, the fuel valve was on the minimum 
Plow stop for a wide range of power lever settings at high altitudes. 
Under these circumstances the effectiveness of the fuel control was com- 
pletely lost and the only control remaining was primarily that of engine 
speed by exhaust nozzle area. 


Exhaust Nozzle Limits 


In the case of the exhaust nozzle it is the fully open stop which 
causes off-schedule performance. The nozzle becomes less effective as 
@ control on speed and temperature as itis opened. Its usefulness is 
lost campletely when the effective nozzle area approaches the area of 
the turbine exit annulus. Any system using the exhaust nozzle area as 
& control variable will have these basic engine limitations imposed 
upon it. 
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Overtemperature Limit 


The remaining limits shown in figure l were incorporated in the 
electronic phase of the control. The overtemperature limit operates in 
Buch а, manner that it adds no signal to the fuel loop ав long as normal 
temperature is developed in the engine, but it does add а signel to 
decrease fuel flow when temperatures over 12509 F prevail &t the turbine 
outlet. At high altitudes, of course, where the fuel valve is on its 
closing stop, the overtemperature Қалалы feature of the control can 
no longer function. 


Speed Error Limit 


If the aforementioned overtemperature condition occurred when speed 
was below the set value, the speed error would be calling for an increase 
in fuel flow, which is contrary to what is desired to reduce overtemper- 
ature. Another limiter is therefore used on the speed error signal to 
restrict its effect on fuel flow. 


Temperature Error Limits 


As lower thrust is required, the schedule is set by the throttle 
to require low engine speed and temperature. It is characteristic of 
turbojet engines, however, that speed and temperature decrease until 
some speed is reached after which temperature increases with a further 
reduction in speed. | Such а reversal in slope imposes the problem of 
controlling through the zero slope region and of providing a reversal of 
sign in the control whenever & reversal of slope occurs in the engine in 
order to maintain a stable system. Therefore, because it is not possible 
to operate at both low speed and low temperature, the choice was made to 
limit the temperature error. This limit on temperature error, together 
with the proper proportioning of signals to the fuel valve servo and the 
relative ineffectiveness of the exhaust nozzle on speed and temperature 
at low speeds, causes the control to be essentially one of speed by fuel 
flow at low power. The temperature rises to whatever value is consistent 
with the fuel flow. It is &lso desirable to open the exhaust nozzle 
area. on acceleration in order to improve response time and to avoid 
entering the compressor stall or surge region. During an acceleration, 
the large speed error acts to increase the exhaust nozzle area, but the 
temperature error would tend to decrease this area, Accordingly, another 
limit on temperature error is required to reduce the effectiveness of 
а large temperature error signal so that speed error can force the exhaust 
nozzle area open and hold it there as long as а large speed error is 
available. When the engine reaches required speed and speed error is 
reduced, the temperature error again becomes effective and closes the 
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exhaust nozzle area to establish the set temperature. 


APPARATUS 


Engine. - The J34-WE-32 turbojet engine used in this investigation 
has an ll-stage axial-flow compressor, double annular combustor, two- 
stage turbine, and variable-area exhaust nozzle. The polar moment of 
inertia of the complete rotor about the rotor axis is 79.8 pound-feet 
squared. Full military thrust under sea-level static conditions requires 
5640 pounds per hour of fuel. 


Control. - The Westinghouse electronic power regulator, part 
no. 61-F-758-4, serial no. S-CZA-78, modified to correspond to part 
no. 61-F-758-6 insofar ав temperature schedule is concerned, was used 
as the control. 


The investigation was conducted with three different values of 
minimum fuel flow set into the control - first with 550 pounds per hour, 
which was specified by the manufacturer, and then with 420 and 350 pounds 
per hour. The setting in each case was adjusted at 2000 feet of alti- 
tude with the engine windmilling at 1500 rpm. These conditions were 
chosen in order to obtain reproducible settings because actual fuel flow 
varied as a function of engine speed when the valve was on a minimum stop. 


The original thermocouple harness of nine paralleled short thermo- 
couples was removed and replaced by another group of nine paralleled 
elements which were immersed 6 inches. The thermocouples were of equal 
resistance to insure more nearly average temperature indication. 


Test facilities. - The investigation was conducted in the Lewis 
altitude wind tunnel with a 20-foot-diameter test section. Air was 
supplied through & ram pipe connected directly to the engine. 


Instrumentation. - Engine parameters were recorded during tran- 
sients on multiple channel, direct inking, magnetic penmotor oscillo- 
graphs having a chart speed of 2.5 units per second. The penmotor in 
combination with its amplifier has an essentially flat frequency 
response to approximately 100 cycles per second. Detailed infor- 
mation on the transient instrumentation employed is presented in 
reference 1, Table I lists the engine parameters that were 
recorded, the intrumentation used to measure the values of the рагат- 
eters in the steady state, the sensing devices used to measure the 
variations in the parameters during transients, апа the frequenoy 
response range of the transient instrumentation. Exhaust nozzle 
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position was indicated by a microammeter, which in turn was calibrated 
against exhaust nozzle area as shown on figure 2. 


PROCEDURE 


Steady-state data. - Steady-state data of the controlled engine 
were taken with various power lever positions at altitudes of 10,000, 
25,000, 55,000, and 45,000 feet at а ram pre8sure ratio of 1.2. These 
tests were performed for three minimum fuel-flow settings of 550, 420, 
and 550 pounds per hour. 


Additional steady-state data were taken to determine the safe oper- 
ating range of the engine ав a function of altitude at а ram pressure 
ratio of 1.2. At the 550 pound per hour setting thie investigstion was 
conducted over an altitude range of 40,000 to 47,000 feet and at the 
420 pound per hour setting, over an altitude range of 45,000 to 
51,000 feet. 


Transient data. - Transient data were taken by manuaily advancing 
or cutting back the power lever іп а stepwise manner. Engine para- 
meters were measured continuously on oscillograph recorders. Before 
and after each transient, photographs of panel meters and manometers 
were taken to calibrate the transient traces. Steps of various sizes 
. were made at altitudes of 10,000, 25,000, and 35,000 feet at a ram pres- 
sure ratio of 1.2. These tests were also performed for three minimum 
fuel flow settings of 550, 420, and 350 pounds per hour. 


RESULTS 
Effect of Limits on Operating Schedule 


Actual values of speed and temperature obtained during operation 
with the different values of minimum fuel flow settings will be termed 
the "operating schedule" to distinguish them from the required or "refer- 
ence schedule" of speed and temperature set into the control. 


To illustrate the effects of limits on any reference schedule of 
speed and temperature, figure 3 is presented to show actual values of 
operating schedule along with curves of exhaust nozzle position, fuel 
valve position, fuel flow, and thrust as functions of power lever posi- 
tion when operating at & ram pressure ratio of 1.2 and altitudes of 
10,000, 25,000, 35,000, and 45,000 feet. 
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In all cases, as long as the two inputs fuel flow and area are con- 
tinuously variable, the control system maintains set values regardless 
of minimum fuel flow settings. For a large portion of the power lever 
range, however, either the fuel valve or exhaust nozzle or both are 
against a mechanical limit or stop. If one input variable is ageinst a 
limit, then either speed or temperature or both will deviate from the 
set values. If both input variables are at limits, then both speed and 
temperature will depart from the set quantities to whatever v&lues result 
from the limited values of area and fuel flow and the flight condition. 


In view of the fact that the operating schedule of speed and temper- 
ature deviates in certain ranges of operation from the reference sched- 
ule with changes in flight conditions, the resulting operating thrust 
schedule will change accordingly. The reasons for these deviations can 
be found by referring to other parameters. 


Figure 3(a) shows that at 10,000 feet of altitude and a ram pres- 
sure ratio of 1.2 the system operates in accordance with the reference 
schedule for all throttle settings above 62° with the 550 pound per hour 
setting of minimum fuel flow. 


Below & power lever position of 62° the exhaust nozzle is wide open. 
Because the control is able to proportion only the fuel flow signal in 
this range, at least one of the outputs will be off the reference sched- 
ule. By use of the electronic limiting circuits in the control and pro- 
per proportioning of the gains in the various control loops, this system 
Was made to control speed rather closely, thus causing temperature to 
rise above the set value. The actual temperature curve starts to break 
away from the reference schedule at the time the exhaust nozzle reaches 
its wide open limit. From 62° down to idle the engine operates as a 
Pixed-area turbojet and the temperature obtained is whatever value 
results from the fuel flow needed to maintain speed at this flight con- 
dition. 


At approximately 299 the fuel valve is against its minimum stop for 
this setting. Below 290, both area and fuel flow are at limits and 
therefore both temperature and speed are off the set values. А11 para- 
meters will remain constant at whatever values result from the wide- 
ореп-агеа position, the minimum fuel flow setting, and the selected 
flight condition. 


Figure 3(a) also presents several points for the 350 pound per hour 
setting which in this case was low enough that the fuel valve did not 
hit its stop during steady-state operation. For this setting the speed 
levels off close to the set value, and the engine is still being con- 
trolled by fuel flow. 
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In figure 3(b), which is for an altitude of 25,000 feet and a ram 
pressure ratio of 1.2, it can be seen that at the higher power lever 
positions the general trend of the curves is much the same as for 
10,000 feet. The exhaust nozzle is just at the wide open position when 
the throttle is retr&cted to &pproximately 659. Тһе nozzle does not 
stay fully open at low power lever positions for the 550 pourd per hour 
minimum fuel flow setting, however, as 1% does for the 420 and 350 pound 
per hour settings. At about 34° the fuel valve hits the 550 pound per 
hour stop. As the lever is retracted to lower positions, the speed 
error overrides the temperature error and closes the nozzle to maintain 
required speed. Temperature rises sharply ав the area closes, thus 
departing from the set values while speed deviates only a small amount 
until the area reaches the fully closed limit. Below 31° both the 
exhaust nozzle and the fuel valve are at limits and all variables are 
constant for this flight condition. 


lt appears that the fuel valve has reached the 420 pound per hour 
stop at just about the same time as the idle flat spot is reached, and 
that the valve has not yet reached the stop for the 350 pound per hour 
setting because speed levels off at about 5000 rpm, which is approxi- 
mately the set value. For these lower settings of the fuel valve, the 
temperature levels off &t & lower value &t the idle flat spot. 


Thrust data shown on figure 3(b) indicate a more significant devi- 
ation from design schedule than those shown on figure 3(a) for conditions 
ао 10,000 feet altitude. А% low power lever positions, the thrust for 
а minimum fuel flow of 550 pounds per hour increases ав the power lever 
is retarded and levels off &t & relatively higher idle value. This higher 
idle thrust is due to the increase in temperature caused by area closure. 
For а minimum fuel flow setting of 420 pounds рег hour, the thrust behaves 
in the same manner as at 10,000 feet, since the rise of temperature at 
low power lever positions does not occur. When the fuel valve is beyond 
the next higher minimum setting, the variables for both settings will be 
the same. Ав а result 811 curves shown should be valid for all minimum 
flow settings for throttle positions above 549, which was the critical 
position for the 550 pound per hour setting. 


In figure 3(c) for an altitude of 35,000 feet and a ram pressure 
ratio of 1.2, the effect of the fuel valve stop is even more evident. 
The fuel valve is against a stop below 41° on the power lever. Ав the 
power lever is retracted a few degrees below the point at which the fuel 
valve hits its stop, the nozzle closes to control speed. Because the 
nozzle closes at a higher engine speed for this altitude, the effect of 
the exhaust nozzle area on temperature is greater and temperature rises 
much more than at lower altitudes. 
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Тһе thrust at 55,000 feet again exhibits a nonlinear variation with 
power lever travel. For operation with the 550 pound per hour setting, 
the data show that a relatively high idle thrust is obtained and that 
as the power lever is advanced, the thrust actually decreases before 
rising in the expected manner. Data obtained with the 420 pound per hour 
setting indicate a similar trend but with a lower idle thrust. The rea- 
son for this is again the high temperatures which occur at low power 
lever positions. The data for the lowest setting of 350 pounds per hour 
showed no rise in thrust at idle speed. 


Figure 3(4) presents data obtained at 45,000 feet and а ram pres- 
sure ratio of 1.2. Мо data are shown in this figure for the 550 pound 
per hour setting because the fuel valve was against its minimum stop 
during practically all the operation and the system response was very 
oscillatory. With the fuel valve stop set at 420 pounds per hour, how- 
ever, the power lever range wes increased, and when area was the control- 
ling variable, the amplitude of oscillation was less. 


Reference to the figure shows that the fuel valve is on the stop 
below 70° on the power lever. Also, the nozzle never reaches its wide 
open stop at this altitude and ram pressure ratio. Although the fuel 
valve is on a stop, the fuel flow decreases somewhat with decreasing 
engine speed. As & result, engine speed decreases in the range from 719 
to 43° while the area is essentially constant. At 459 the nozzle starts 
to close and becomes fully closed &t about 369. Temperature increases 
drastically in this range until at 569 it is 15000. Thus, it can be seen 
that damage to the engine due to overtemperature can result from oper- 
&tion in this region. At 36°, the exhaust nozzle is closed and the fuel 
valve is on a stop; therefore all variables are constant for all power 
lever positions below this value. 


For the 550 pound per hour setting, as the power lever was retracted 
toward idle, the overtemperature condition was reached at а higher lever 
position and engine speed. Because the critical temperature conditions 
were reacned with the area not fully closed, operation at lower positions 
was not possible because of the overtemperature condition that would 
result from further closing of the exhaust nozzle. Safe operation was 
possible over only a small range at the high end of the power lever 
quadrant. 


Effect of Altitude on Safe Operating Range 


The range of power lever position for safe engine operation at any 
altitude is shown in figure 4 for а minimum fuel flow setting of 
550 pounds per hour and a ram pressure ratio of 1.2. Below 40,000 feet 
the engine will operate safely at all power lever positions. 
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Above 40,000 feet operation at the lower positions will result in exces- 
sive temperatures. If the power lever is retracted into the lower 
region the exhaust nozzle will close further to maintain speed and the 
temperature will rise. The power lever must be advanced as altitude is 
increased. to keep tbe engine out of this region. Furthermore, as the 
power lever is advanced to prevent overtemperature and the altitude is 
increased, a point is reached at which the engine speed becomes exces- 
sive. This point ін at. а power lever position of 65° and an altitude of 
46,500 feet. Additional information presented in this figure consists 
of the regions in which both the exhaust nozzle and fuel valve are con- 
trolling, the region in which only the fuel valve is controlling, the 
region in which only the exhaust nozzle is controlling, and the region 
in which neither is controlling. 


The smali region of. no control between that of control by exhaust 
nozzle area alone and that of control by fuel flow alone represents a 
condition where the fuel valve is just on its minimum stop and the 
exhaust nozzle is fully open. This region exists because speed is fairly 
close to schedule and the speed error is too small to overcome the lim- 
ited value of temperature error which keeps the exhaust nozzle open. 

As the power lever is retracted, speed error increases and finally over- 
comes the effect of temperature error and gains control of the exhaust 
nozzle. | 


Figure 5 shows the increased range obtained by reducing the mini- 
mum setting to 420 pounds per hour. With this lower setting the alti- 
tude for safe operation over complete throttle range is increased from 
40,000 to 45,000 feet. The maximum altitude is increased from 
46,500 feet obtained with the 550 pound per hour setting to approxi- 
mately 55,000 feet, which was obtained with the 420 pound per hour set- 
ting. 


Effect of Minimum Fuel Flow Settings 
on Transient Performance 


Reduced minimum fuel flow settings cause idle speed and idle temper- 
ature to be lower at any given altitude. It is expected, then, that 
accelerations, decelerations, burner blow-out, and stall will be influ- 
enced when &cceler&ting from ог decelerating to the lower engine speeds. 
Figure 6, illustrating the transient performance, is presented in the 
form of reproductions of oscillographic traces which have been reduced 
to 71 percent of their original size. The following parameters are 
shown: thrust, compressor discharge presgure, exhaust nozzle &rea, 
engine speed, turbine discharge temperature, primary fuel valve position, 
and throttle position. 
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Calibration data are included on each trace except that of thrust. 
Variations in ram pressure during the transient were found to influence 
the thrust trace, making calibration questionable. 


The oscillograph traces of the transient data are indexed in table II 
according to altitude, ram pressure ratio, minimum fuel flow setting, and 
throttle position. The figures chosen are representative of the operation 
of the controlled engine within the range of throttle settings from idle 
(26°) to full military (82°) and show effect of the minimum fuel flow 
setting on accelerations, decelerations, blow-out, and stall. Table III 
summarizes the transient runs to facilitate the comparison of minimum 
fuel flow effects. 


Acceleration and deceleration time. - Gas turbine engines have the 
characteristic of accelerating slowly at low engine speeds. Reduced 
fuel valve settings result in lower idle speeds &nd therefore slower 
accelerations from idle. The longer acceleration time for the lower 
settings is illustrated by comparing figures 6(a) and 6(b) for the 550 
and 550 pound per hour settings, respectively. These figures are for an 
altitude of 10,000 feet and & ram pressure ratio of 1.2. The time for 
speed to reach approximately its final value after a sudden increase in 
throttle position from idle was 4 seconds for the 550 pound per hour 
setting in comparison with 6.5 seconds for the lower setting. The slower 
acceleration is reflected in the other traces that are affected by speed. 
The general shapes of the curves for both settings, however, are similar. 


The same general trend.of slower accelerations at lower fuel valve 
settings is indicated in figures 6(e), 6(f), and 6(g) for the 550, 420, 
and 550 settings, respectively, &t an altitude of 25,000 feet. The 
corresponding times for speed to reach the final value are 4.8, 6, and 
8.4 seconds. 


When accelerating from the same initial speed, the response time 
will be approximately the same for any setting of the fuel valve. This 
is illustrated by figures 6(1) and 6(m), which are accelerations from 
approximately the same speed at 35,000 feet and fuel flow settings of 
550 and 420 pounds per hour. Generally, the deceleration time is 
affected very little by changes in fuel valve setting. When the setting 
is lowered sufficiently, however, idle speed can approach the engine wind- 
milling speed and for these cases the deceleration time is appreciably 
longer. 


Figures 6(c) and 6(d) illustrate that at 10,000 feet and а ram pres- 
sure ratio of 1.2 the deceleration times from maximum speed to idle were 
very nearly the same for minimum fuel flow settings of 550 and 350 pounds 
per hour. Similar maximum step decelerations at 25,000 feet of altitude 
shown in figures 6(h), 6(3), and 6(j) indicate that the deceleration time 
again is about the same for the 550 and 420 settings, whereas that for 
the 350 setting is appreciably longer. Тһе longer deceleration time for 
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the latter case is attributed to the windmilling effect of ram pressure 
on the engine. . ae? 1% -. . | LE SCA EE Е РЕТ 


Blow-out. - Another characteristic of gas turbine engines is the 
susceptibility to burner blow-out at low values of engine speed. Reduced 
fuel valve settings апа the resulting lower idle speeds increase the 
possibilities for blow-out. The tendency toward blow-out is illustrated 
in figure 6(k) for 25,000 feet of altitude and a setting of 420 pounds 
per hour. The throttle was advanced rapidly from 32° (6700 engine rpm) МҸ 
to full military speed and a normal acceleration resulted. Тһе engine © 
was then decelerated to idle speed, which was 5000 engine rpm. When the 
throttle was again advanced, the engine would not accelerate. It 
appeared that although a complete blow-out did not occur, combustion was 
taking place behind the turbine as a result of engine operation approaching 
the biow-out Limit. 


Figures 6(n) ала 6(о) show а similar action at 35,000 feet of alti- 
tude for the 420 pound per hour minimum fuel flow setting. In the first 
case, for a step from idle to full military speed, there was a long hesi- 
tation and erratic action but the engine finally accelerated. For the 
latter case, however, the engine would not accelerate and after a few 
seconds blow-out occurred. 


On deceleration, no blow-outs were encountered. Figure 6(3) shows 
a deceleration for 25,000 feet of altitude and a fuel valve setting of 550, 
and figure 6(p), for 35,000 feet of altitude and а fuel valve setting 
of 420. These represent the most likely conditions for blow-out-on 
deceleration for which data are available. 


It is seen, then, that reduced fuel valve settings, by causing lower 
idle speeds, aggravate the blow-out problem on accelerations from these 
low speeds, but in the range of flight conditions investigated lower 
settings do not cause blow-out during decelerations. 


Stall. - Lower minimum fuel flow settings were shown to cause 
lower idle speeds and slower accelerations. At the beginning 
of an acceleration, fuel flow increases quickly and the compressor ргев- 
sure ratio can exceed the surge limit. Reduced fuel valve settings, 
lower idle speeds, and slower accelerations cause the compressor to begin 
surging during accelerations at lower engine speeds. Steps from idle to 
full military speed are shown in figures 6(e), 6(f), and 6(g) for the 550, 
420, and 350 pound per hour settings at an altitude of 25,000 feet. These 
figures indicate surging in each case. The characteristics of this engine 
are such that satisfactory accelerations were feasible even though the 
compressor was surging. 
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DISCUSSION 


Problems Associated with Engine and Control Limits 


The results of this investigation show that several problems associ- 
ated with steady-state operation are caused by engine and control limite. 
Large deviations from the reference scbedule which occurred were primarily 
due to fuel valve and exhaust nozzle stops. The fact that deviations 
occur is not in itself objectionable. In fact, one of the purposes of 
the minimum fuel valve stop was to cause engine speed to deviate above 
the reference speed as altitude increased. Ав altitude increased, how- 
ever, these limits resulted in such undesirable effects ав (1) deviations 
Of temperature from the set value at low power lever positions to the 
extent that unsafe values were obtained; (2) a nonlinear relation of 
thrust to power lever position, which in some cases resulted in a higher 
thrust at idle than at higher power lever position; (3) а limit on the 
maximum altitude for safe operation; and (4) а condition at which the 
maximum altitude for safe operation varied with the power lever position 
and was less at low power than at high. 


Effect of Lowering Minimum Fuel Valve Stop 


One method of alleviating the undesirable or dangerous conditions 
that arise is to lower the minimum fuel valve stop. When the range 
of the fuel valve is increased, more complete control is obtained, 
and as & result of the smaller deviation of temperature and speed from 
the reference: values, thrust will be a more linear function of throttle 
position. Also, a lower idle thrust is available for maneuvering and 
descending from high altitude, and the range of altitudes for safe oper- - 
ation has been increased. 


The only serious problem with regard to transient operation- which 
appears to arise as a result of a lower minimum fuel flow setting is 
an increased tendency for engine blow-out on accelerations. This 
problem could be eliminated by the addition of a control device designed 
specifically to prevent blow-outs during transients. 


The conclusion is that lowering the minimum fuel flow setting will 
improve the steady-state engine performance over a wider range, but that 
satisfactory ‘transient performance necessitates the addition of blow-out 
protection. If the requirements in flight conflict with those for ground 
starting, a separate starting schedule is also necessary. 
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Overtemperature Signal to 
Exhaust Nozzle Bervo 


Another method of alleviating some of the difficulties is to pro- 
vide an overtemperature signal to the exhaust nozzle servo. If an over- 
temperature signal were added to the exhaust nozzle control as well as 
to the fuel control, excessive temperatures at low power lever positions 
could be avoided. А dangerous situation could thus be eliminated and at 
the same time the maximum altitude for safe operation would be the same 
for both high and low power settings. Such a device would remove the 
unexpected rise іп temperature to unsafe values that occurs in the exist- 
ing system when the power lever is retracted to idle at high altitude. 
This device would not remove the thrust reversal with throttle position 
nor cause a more linear variation, nor would it raise the maximum alti- 
tude for safe operation at high power lever positions. The device could 
also be used in conjunction with a lower fuel valve setting and the bene- 
Pits of both changes could thus be obtained. 


Varying Reference Speed 
with Altitude 


A better method providing suitable idle speeds at altitude is to 
vary the idle end of the reference schedule with altitude or total inlet 
pressure. The minimum fuel flow setting then could be lowered to a 
value determined by deceleration blow-out. Inasmuch as no trouble was 
experienced with lean blow-out in this investigation even with the low- 
est minimum fuel flow setting, this problem does not appear too serious. 
Specific protection against the occurrence of deceleration blow-out, 
however, could be added in the form of а variable limit on fuel valve 
closure instead of the fixed minimum valve stop.  - 


These changes would remove the overtemperature problem that arises 
at low power lever positions as & result of closure of the exhaust noz- 
zle in an attempt to maintain a reference speed. At the same time the 
low power ceiling would be increased. Also, by eliminating the need for 
а high fuel valve setting, the maximum altitude for safe operation аз 
any power lever position can be increased. Furthermore, removing the 
cause of closed nozzle operation at low power would eliminate the thrust 
reversal and give & more linear variation of tbrust with power lever 
position. If the set speed is varied with altitude in a manner that 
gives approximately the same idle speeds as are now obtained with the 
550 pound per hour minimum fuel valve setting, the transient performance 
should be comparable to that for the 550 setting. It appears that 
practically all the difficulties that existed during steady-state oper- 
ation with the 550 pound per hour setting could be eliminated while 
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similar transient performance is maintained. Similarly, if the reference 
speed were increased with altitude according to the relation that exists 
for the 420 or 350 setting, transient performance similar to that for 

the respective setting should result. If specific blow-out protection 

is provided, lower idle thrust can be obtained than with the other sys- 
tems discussed. 


CONCLUDING REMARKS 


The use of a fixed minimum fuel flow in the engine control simpli- 
fies the control by preventing combustion ^»Low-out and eliminating the 
need for special fuel flow settings for starting. The advantages of 
this simplicity аге offset by performance penalties. These penalties 
are the limitations of & maximum altitude above which the engine cannot 
operate without overtemperature or overspeed and a distortion of the 
thrust schedule at altitude to the extent that retarding the power lever 
can result in increased thrust, accompanied by possible overheating of 
the turbine. Also, the range of thrust modulation available is restricted 
at high altitude. Although difficulties may not exist in applications 
to some aircraft at present, as present and future aircraft operate at 
higher altitudes, some means of avoiding the problems should be 
considered. 


Possible actions to overcome these difficulties are a more judicious 
choice of minimum fuel flow and the incorporation of additional control 
components to provide protection from blow-out without the need for a 
fixed minimum fuel flow. Experiments with low minimum fuel flow showed 
an alleviation of the difficulties discussed, but increased the occur- 
rence of &cceleration blow-out. Therefore, this means of avoiding the 
minimum fuel flow difficulties is not satisfactory unless & protective 
device is provided with an action more specifically a function of blow- 
out. 


А better solution to the problem would be to vary the idle end of 
the reference speed schedule with total inlet pressure. With this sys- 
tem, acceleration blow-out could be avoided without adversely affecting 
steady-state performance. The minimum fuel flow need be set only high 
enough to avoid deceleration blow-out. 


Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio . 
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APPENDIX - SYMBOLS 


The following symbola are used in this report: 


= ж 
ш 


| Кы 


Яя {з н 
Ф 


lo] e 


as 


m 


La 


engine speed 

set speed . 

Speed error 

speed error limited in positive direction 

turbine discharge temperature 

temperature signal limited below full military value 
set temperature 

temperature error 


temperature error limited in both positive 
and negative directions 


fuel flow 


fuel flow Limited in maxtmum and 
minimum directions 


exhaust nozzle ares 


exhaust nozzle area limited in 
maximum and minimum directions 


input 
output 


constants - 
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TABLE I - TABLE OF INSTRUMENTATION 


Measured Steady-state instrumentation 
quantity 


Compressor Mercury-filled manometer 
discharge 


pressure 
Exhaust noz- Microammeter connected to 
2]e area exhaust nozzle area feed- 


back potentiometer 


— Е, Chronometric tachometer 
ine 


Turb Nine thermocouples par- 
allel connected to Brown 
recorder (Westinghouse con- 
trol thermocouple harness 


Primary fuel | Microammeter connected to 
valve fuel valve feedback potenti- 
position ometer 

a НЕ 

ThrottLe Belsyn indicator 


Aneroid-type pressure sensor with 
strain gage element 


Exhaust nozzle area feedback 
potentiometer connected to 
give position indication 

Direct current tachometer 
generator 

nghieided loop thermocouples 

(five in series) 


Fuel valve feedback potentiometer 
connected to give position 
indication 

Strain gage mounted on strain 
link attached to forward engine 
suspension 

Wire-wound potentiometer con- 
nected to give position 
indication 


МА 


Range over which fre- 

quency response is 

essentially flat 
(cycles/sec) 


Transient instrumentation 


ИШ 


0-10 at sea-level 
pressure 
БЕНЕН 


0-1 at sea-leve 
mass flow 


all 
ЖЕМІН 
ЖШ 
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TABLE II - INDEX OF TRANSIENT DATA 


[Nominal ram pressure ratio, 1.2] 


Minimum Initial 
number |fuel flow|power lever 
(lb/hr) position 


. 


52 to 85 to 20 to 85 
84 
84 
84 


25 


19 


20 
Altitude 
(ft) |rpres- 
aure 
ratio 


10,000 | 1.2 [Figure number _  |6(8) 2) 
Throttle step, deg 20 to ВЕ I 777 
Figure number | l6(c) — — _ 
meine speed rpm 
Remarks 
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TABLE III - SUMMARY OF TRANSIENT PERFORMANCE 


Minimum fuel flow 
(set at 1500 rpm) 


(1b/hr) 
ROME ee MESES =. = ннен 


SEI As SE ———— to 85 

4900 to 12,530 | 
6.5 вес Гог speed to 
reach final value. 


4 sec for speed 


get to final о 2.5 


(some overshoot) Bec longer than for 550 


606) т----- 
12,580 to 5420 


2,530 to 4950 


а — — Е 
Dacelere tion time same ЕЕ -ime same 
For 450 50) 
AMO to 12,580 


Fig re number Figure amber 0 [e] С. ef). — leg) . ..—- | 
[20.5 to 85 —  . 122і85 22, to пила 
т ево to 12,620. ~~ |s520 te зао оо kero to 12,550 

for first 2 sec. for first 5 sec. 
for speed to reach for speed to reach fínal 

Figure mmber — 16th) 

Throttle step deg |85 to 20.5 — | 85 to 22 ОИ 

Engine speeds rp [12,820 to тво — — 12,40 iz SBS а a 

eration takes й МЕКА. осу ll sec 

as for 550. 

IC ea eee 

Engine speed ет. 5100 to 12,540 to 6700 to 12,540 to 5000 to -| - 
оп, last —— € — 

1.2 e number 


Trot le вер 


Нагато 


Throttle step : 


jomaBrks 


Umnrottle step, den ‚хоу atot, dag дер 
| Engine speed, rpm | | Engine speed, rpm | 


^420 lb/hr minimum fuel flow setting extends range of operation over 550. 


from altitude, 
at 25,000 feet and above. 


for 6 sec after step, then 
Went into 


not accelerate, 
then fire went out, then 


p — 
|l. 


dle speed mich lower than 
өг у Elving lower 


= а - в б... Е: - Е 


WILL allow lower thrust for descent 


.Accelergtigne from low. E are о, hovever, and blov-out is encountered 


-- -- - Lr - to 1. - -- шық. Lx Е — ^ г 


6550 lb/hr minimum fuel flow extends range of operation even further. Decelerations still seem to be all right. 


This setting will Hllow even lower idle thrust. 


Accelerations from low operating points are even more slug: 


gish and susceptible to blow-out. 


боғ2 


flow settings 


Figure 1. - Block diagram of Westinghouse J34-WE-32 primary control system. 


60Ұ2 


тё 


22 ырс рс л сы КАСА RM  ES2E25 


280 


Е 

и 

# 

a 

E 

BB 

_|_ EN 
Li LLL LA 
ШЕШЕ! 


тине = 

[LL d] LLL LLLI LL 
БЕР A LLL LLL. 
PIA LIE LL ILLI 


Projected exhaust nozzle area, sq in, 


о 20 40 60 во 100 1г0 140 
Panel meter reading, цешр 


Figure 2. - Calibration of Westinghouse variable-area nozzle for Ј54-МЕ-52 turbojet engine. 
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Turbine с temperature, ОР 


Fus) valve position, разр 
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(b) Altitude, 


Ram pressure ratio, 1.2. 


Variation of net thrust, turbine outlet temperature, engine speed, 


exhaust nozzle area, fusl flow, and fuel valve position with power lever travel for dif- 


ferent values of minimum fuel flow setting. 


Figure 5. - Continued. 
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Қас thrust, 1% 


Turbine outlet tesperatare, OF 


Kxhanst туха]е aren, pamp 


Foal flow, lb/hr 


Fosl valve position, разр 


Figure 3. - Continued. 
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(c) Altitude, 35,000 feet. 
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Variation of net thrust, turbine outlet temperature, engine speed, 
exhaust nozzle area, fuel flow, and fuel valve position with power lever trevel for dif- 
ferent values of minimum fuel flow setting. Ram pressure ratio, 1.2. 
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(d) Altitude, 45,000 feet. 
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Variation of net thrust, turbine outlet temperature, engine speed, e 
Ram pressure ratio, 1.2. 


exhaust nozzle area, fuel flow, and fuel valve position with power lever travel for dif- 


ferent values of minimum fuel flow setting. 


Figure 3. - Concluded. 
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Figure 4. - Effect of altitude and power lever position on safe and unsafe 
ranges of controlled engine and on type of control existing in safe oper& 
Minimum fuel flow, 550 pounds per hour; ram pressure ratio 1.2. 
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(a) Minimum fuel flow setting, 550 pounds per hour 
Figure 6. - Transient operation of automatically controlled engine at a nominal ram presaure 
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(b) Minimum fuel flow setting, 550 pounds per hour; power lever poBition, 20.59 to 839; 
altitude, 10,000 feet. ЕУ 


Figure 6. - Continued. Transient operation of аџіопаъ1оа11у controlled engine at a nominal 
ram pressure ratio of 1.2. 
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(c) Minimum fuel flow setting, 550 pounüg per hour; power lever position, 849 to 229; altitude ,10,000 feet. 
Figure 6. - Continued, Transient operation of automatically controlled engine at a nominal ram pressure ratio of 1.2. 
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altitude, 10,000 feet 


Transient operation of automatically controlled engine at a nominal 
ram pressure ratio of 1.2. | 
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(4) Minimum fuel flow setting, 350 pounds per hour 


Figure 6, - Continued. 
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(е) Minimum fuel flow setting, 


Figure 6. - Continued. 
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(f) Minimum fuel flow setting, 420 pounds per hour; power lever position, 229 to 859; 


altitude, 25,000 feet. 


Transient operation of automatically controlled engine at a nominal 
ram pressure ratio of 1.2. 
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(в) Minimum fuel flow setting, 350 pounds per hour; power lever position, 229 to 849; 
altitude, 25,000 feet. 


Figure 6. - Continued. Transient operation of automatically controlled engine at a nominal 
ram pressure ratio of 1.2. 
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Figure 6. - Continued. 
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to cut-off; &ltitude,35,000 feet. 


Figure 6. - Continued. Transient operation of automatically controlled engine at a nominal 
rem pressure ratio of 1.2. 
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(p) Minimum fuel flow setting, 420 pounds per hour; power lever position, 849 to 259; 
altitude, 55,000 feet. 


Figure 6. - Concluded. Transient operation of automatically controlled engine at a nominal 
ram pressure ratio of 1.2. 
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